An e-learning system for computer-aided engineering is developed. The system is designed as a Web-based rich client (or rich Internet application, RIA), so that anybody can learn CAE skills from anywhere, anytime. Mesh generation, finite element analysis and visualization capabilities for a set of benchmark problems, such as cantilever beam and plate with hole, are implemented using FLASH ActionScript language. It is combined with a CAE educational program, dedicated for under-graduate students and novice engineers in mechanical and architectural industries.
Introduction
In the mechanical and the architectural fields, there is a strong demand from the industry and the academic community, to teach students and novice engineers about knowledge and skills of CAE (computer aided engineering). In addition to classroom-based education, it is very beneficial to prepare a self-learning environment, allowing a learner to perform actual computer simulation tasks. In this research, we try to apply e-learning for the CAE education. While traditional CAI (computer aided instruction) -based educational methods using a stand-alone multi-media PC have some problems on distant education and its use is limited within a LAN, 'e-Learning' is Web-based and, basically, it allows anyone to learn the topic anytime from anywhere through The Internet.
However, to develop, deploy and manage an e-learning system, many technical obstacles remain. The system interacts not only with learners, but also with instructors, content creators and system maintainers. To design the e-learning system, we need to find a balanced solution among these four parties.
The e-learning system for the CAE education should allow a learner to actually operate a sequence of simulation procedures, such as mesh generation, input of analysis conditions, finite element analysis and visualization of analysis results, as well as check and validation of learner's numerical solution. Thus, the system should contain a Web-based CAE environment within its system architecture.
While a stand-alone CAE application, running on a PC as a native binary executable, can perform CAE tasks of moderate scale comfortably, there still remain many design issues in realizing Web-based CAE. It is not easy for a Web-based application, running inside a browser with limited access to underlying hardware resources, to provide an interactive environment for a learner, even when there is only one learner accessing the e-learning system. The situation may be aggravated by simultaneous access from multiple learners through The Internet.
One extreme approach to overcome these issues is to perform all the heavy computational loads, including mesh generation, finite element analysis and visualization, on the server-side, using grid computing technologies. Some grid-based job scheduling architectures and software packages dedicated for numerical simulation jobs have been developed, such as FIPER by Engineous Inc. [1] and ITBL in Japan[2]. It may also be possible to shift some portions of visualization and other interactive tasks on the client-side. For example, there are some researches about Web-based CAE using browser plug-in [3] , HTML clickable map [4] and SSH [5] . However, any of these approaches requires relatively large computational resources on the server-side. It may also make the system administration of the e-learning system more complicated. Therefore, for the purpose of the CAE education, we choose the other extreme approach, namely, to perform all the required computational loads on the client-side. It is based on so-called rich client technologies.
Among the rich client technologies currently available, we choose Adobe Flash. There are some other rich client technologies used widely over The Internet, such as AJAX [6] , Java [7] and Microsoft Silverlight (.NET). Comparison among them is shown in Fig. 1 .
Fig. 1 Rich client technologies
While AJAX using JavaScript is recently gaining popularity, it still suffers from portability issues among browsers and slowness of execution. They are heavy burdens on contents creation and associated software development for the e-learning system.
Adobe Flash is also a popular rich client platform. It is installed on more than 98 percents of all the PCs sold worldwide. Also the execution speed of Flash player has been drastically improved since its version 9.
Compared with AJAX and Flash, currently the rest of platforms are not so popular in terms of client PC installation. The choice of a minor platform may cause serious installation and support problems in the system administration of the e-learning system.
In this research, we developed an e-learning system and its educational contents for the CAE education, using Flash ActionScript programming language and HTML. We also performed a usability test of the e-learning system. The learners in the usability test were under-graduate and graduate students in our university.
Overview of e-learning System
In this research, we focus on basic level CAE education in structural mechanics. The current scope of our educational program is as follows.
structural analysis based on the finite element method linear elastic, two-dimensional problem using 4-node quadrilateral element analysis procedures starting from mesh generation, input of analysis conditions, finite element analysis and visualization a set of benchmark problems with theoretical solution available, such as a bending beam and a plate with a hole comparison between numerical solution and theoretical solution
Based on this educational program, our e-learning system supports the following functionalities for each of the benchmark problem set. Here are some example screen shots of the e-learning system. Fig.2 shows a screen image of mesh generation for the benchmark problem of a plate with a hole. The left region is a navigation window, and it indicates the current stage in the flow of analysis procedures. The bottom region is a help message window, where suggestions and advices at the current stage are shown.
Fig. 2 Mesh generation of plate with a hole
The screen images from Fig. 3 to Fig. 6 are the benchmark problem of a bending beam. Fig. 3 shows mesh generation. Fig. 4 shows input of constraint conditions. Fig. 5 and Fig. 6 show deformation plot and stress contour plot, respectively. 
Implementation and Deployment
We choose Adobe Flash for the main platform of our e-learning system. The system architecture of the e-learning system using Flash is shown in Fig. 7 . First, a learner opens the Web page of a benchmark problem through a Web browser, and the Web browser downloads a Flash application file, .swf, from the Web server of the e-learning system into the browser on the client-side PC of the learner. Then, the Flash application runs inside the browser until the Web page is closed. Through the use of our e-learning system, the majority of computational load is on the client-side PC. In more detail, all the functionalities described in the previous section are implemented using Flash ActionScript Ver. 3. ActionScript is a programming language to describe Flash contents, and its language syntax is similar to JavaScript. However, since ActionScript Ver. 3 owing to a new JIT (Just In Time) compiler, it is more than 10 times faster than JavaScript in the execution speed. Its SDK (software development kit), Flex Ver. 2, is available from Adobe home page [8] for free. The corresponding Flash player, running on the Web browser as a plug-in, must be Ver. 9.0 or later. Fig. 7 System architecture of e-learning system using FLASH Using Flash, system administrator's tasks of our e-learning system are very simple. They are only to prepare the Web server and place Flash .swf files on the Web server. Also, compared with other server-centric approaches, computational load of the Web server is very low. Fig. 8 shows contents development work for a single benchmark problem. While finite element analysis and visualization routines can be shared among most of benchmark problems, the meshing and boundary conditions are developed at each benchmark problem. The development work for each benchmark problem consists of programming of meshing, input of analysis conditions and validation stages. According to our experiences, it usually takes 3 to 4 days to prepare one benchmark problem.
Educational Program
We also prepared an educational program for CAE and structural mechanics using our e-learning system. It is intended mainly for under-graduate and graduate students, as well as novice engineers in mechanical and architectural engineering fields. Our educational program is based on blended e-learning. In our experience, it usually takes 2 to 3 hours in total to teach. The former part of the educational program is classroom based. Here, we teach learners brief outline of FEM theory and flow of analysis procedures, as well as how to actually use our e-learning system. Additional HTML documents about these topics, accessible from the e-learning Web page, are provided to them, and they can access the documents through the exercises of the latter part.
The latter part of the educational program is exercises using Flash Web-based CAE application of the e-learning system. With a given benchmark problem, after going through the basic problem of the benchmark, the learners are suggested to vary some mesh generation parameters to change mesh size and element aspect ratio, as well as patterns and values of constraint and loading, to see how numerical solution changes.
By comparing obtained FEM solutions with theoretical solutions, the learners can check input. While the learners seek more accurate FEM solution by changing mesh generation parameters, they can naturally learn trade-off relationship between computational cost vs. solution accuracy. Also, they can understand importance of analysis conditions in numerical simulation.
Usability Test
A usability test of our e-learning system was conducted. The learners were divided into two groups. One is a group of 8 students. They are the 3rd grade under-graduate students in civil, architectural and mechanical engineering fields. All of them are novice in CAE. The other is a group of 7 students. They are 4th grade under-graduate students and master students of the same fields. They already have a few CAE experiences. The benchmark problem of a bending beam, shown in Fig. 9 , was chosen for the test.
(a) basic problem (cantilever) (b) variation of loading and constraint Fig. 9 Bending beam problem First, we measured computational time of a finite element calculation using our Flash-based application. The finite element routine uses a skyline linear algebraic solver. In this measurement, the client machine is a Windows PC with 3.0 GHz Pentium 4 processor and 512 MB memory. The Web browser used is Internet Explorer. Flash player Ver. 9 is installed. It took about 5 seconds to solve a bending beam model with 300 elements, and it took more than 1 minute to solve a model with 1000 elements.
We also compared our educational program using Flash application and HTML help documents, with the corresponding text and graphics-based educational program using only HTML, by collecting questionnaires from the learners. The results are shown in Fig. 10 . The left side, (a), is for the novice Advanced Materials Research Vols. 33-37 group, while the right side, (b), is for the more experienced group. Both groups prefer the Flash + HTML educational program. There are noticeable difference in user experiences of mesh generation and result validation procedures.
(a) novice learners (b) learners with some CAE experiences Fig. 10 Result of usability test
Conclusions
An e-learning system for CAE and structural mechanics is developed. The system is Web-based rich client, so that anybody can learn CAE skills from anywhere, anytime. Mesh generation, finite element analysis and visualization capabilities for a set of benchmark problems, such as cantilever beam and plate with hole, are implemented using Flash ActionScript language. It is combined with a CAE educational program, dedicated for under-graduate students and novice engineers in mechanical and architectural industries.
